In the real-time tumor-tracking radiotherapy system, a surrogate fiducial marker inserted in or near the tumor is detected by fluoroscopy to realize respiratory-gated radiotherapy. The imaging dose caused by fluoroscopy should be minimized. In this work, an image processing technique is proposed for tracing a moving marker in low-dose imaging. The proposed tracking technique is a combination of a motion-compensated recursive filter and template pattern matching. The proposed image filter can reduce motion artifacts resulting from the recursive process based on the determination of the region of interest for the next frame according to the current marker position in the fluoroscopic images. The effectiveness of the proposed technique and the expected clinical benefit were examined by phantom experimental studies with actual tumor trajectories generated from clinical patient data. It was demonstrated that the marker motion could be traced in low-dose imaging by applying the proposed algorithm with acceptable registration error and high pattern recognition score in all trajectories, although some trajectories were not able to be tracked with the conventional spatial filters or without image filters. The positional accuracy is expected to be kept within ±2 mm. The total computation time required to determine the marker position is a few milliseconds. The proposed image processing technique is applicable for imaging dose reduction.
INTRODUCTION
The real-time tumor-tracking radiotherapy (RTRT) system was developed in order to compensate for respiratoryinduced motion of tumors [1] . In the RTRT system, the 3D location of a fiducial marker inserted in or near the tumor is calculated from the projected position in a pair of fluoroscopic images obtained from two different oblique angle views of a patient. The marker is searched in the region of interest (ROI), defined as the search area, illustrated in Fig. 1a . The location with the maximum pattern recognition score (PRS), derived from the template pattern matching, is determined to be the marker position. With high X-ray tube voltage, large current and long pulse duration, recognition of the marker is relatively easy because a high PRS can be obtained at the marker location, as illustrated in Fig. 1b . However, the radiation dose due to X-ray fluoroscopy also increases. The imaging dose should be minimized [2] . The imaging dose can be naturally reduced by decreasing the X-ray tube parameters. However, the PRS at the marker location is decreased in low-dose imaging, as indicated in Fig. 1c , as a result of image contrast degradation and the effect of statistical noise. In the case that the PRS at the marker location is low or the same as that of a neighboring region, the frequency of misidentification of the marker could be increased in template pattern matching.
One approach to improving the stability of marker tracking in low-dose imaging is the use of image filters (which can reduce the effect of statistical noise) before template pattern matching. It has been reported that an image filter is able to improve the contrast-to-noise ratio in the field of image diagnostics [3] [4] . Several studies have reported that spatial filters or temporal filters are useful for removing statistical noise in low-dose fluoroscopic images [5] [6] [7] [8] [9] [10] . These techniques are mainly aimed at improving the visibility of structures (such as the heart or catheters) in the fluoroscopic images. In particular, temporal filtering techniques, such as the recursive averaging filter [11] , have a relatively high ability to restore the target image and to eliminate noise compared with conventional spatial filters for motionless objects, since they accumulate image signals. However, one of the limitations of using temporal filters is the generation of motion artifacts (resulting from the incorporation of information from past images).
In this study, we propose a motion-compensated recursive averaging image filter. The effectiveness of the proposed image filter was validated with a phantom experimental study utilizing respiratory motion trajectories gathered in clinical practice. The image registration error and the PRS were examined by tracking a gold spherical marker with and without the proposed image filter. Characteristics of the spatial resolution were analyzed. In order to compare the effectiveness with spatial filters (which have no motion artifact), a median filter and a smoothing filter were examined using the same technique. In addition, the feasibility of the proposed algorithm in an actual clinical scenario was validated by tracking a moving marker in the fluoroscopic images of an anthropomorphic chest phantom.
MATERIALS AND METHODS

Template pattern matching
In the RTRT system, the marker position in the fluoroscopic image is determined by means of a template pattern matching technique. The fluoroscopic image of the fiducial marker (captured before insertion into the patient) is used as the template image. Template pattern matching is based on normalized cross correlation. The correlation coefficient is given by
where N is the pixel number, and I i and M i are the pixel values of the target image and the template image, respectively. The target image has to be cropped from the fluoroscopic image with the same size of the template image. The PRS is defined as
In our case, we are not interested in the negative value, so the results are clipped to 0. The location that gives the highest PRS is considered to be the marker position in the search area. The PRS will be decreased in low-dose imaging because the image quality is degraded. By applying the image filter before the template pattern matching, the PRS could be increased in low-dose imaging. The proposed image filter is described in the following section.
Motion-compensated recursive image filter
In the recursive image averaging process, the n-th image in the image processing is expressed by where α (0 < α < 1) is a weight factor of the recursive process, S n is the pixel intensity distribution of the processed image to be used for determination of the marker location by means of template pattern matching, I n is the n-th image of the ROI in the latest fluoroscopic image, and S n−1 is the previously processed image. S n is treated as S n−1 in the next process. In this way, the image is smoothed in time. A high degree of filtering with small α gives the maximum noise elimination power that will effectively increase the PRS, although motion artifacts of the moving object will be increased. The fiducial marker could be lost due to motion artifacts. In order to suppress motion artifacts, a motioncompensated recursive image filter is proposed. The concept is illustrated in Fig. 2 . The ROI for image processing is defined according to the current recognized position of the fiducial marker in the fluoroscopic image. As illustrated in Fig. 2 , the recognized position at time t 1 is used as the center of the ROI for the next frame at t 2 . In this way, the position of the fiducial marker will be located at the same relative position in the ROI when the marker moves at constant speed in the fluoroscopic image. As a result, motion artifacts of the marker can be reduced.
Sample images of a moving marker tracked without image processing, with a recursive filter applied to a fixed area, and with a motion-compensated recursive filter are shown in Fig. 3a, 3b and 3c , respectively. These were the snapshots obtained by the chest phantom experiment (described later). The marker was observed on a noisy background image in the original unprocessed image seen in Fig. 3a . In the case that the recursive filter is applied with a fixed ROI, the image noise is eliminated; however, the structure of the marker is deformed, as illustrated in Fig. 3b . The marker structure was preserved by applying the proposed image filter illustrated in Fig. 3c .
The recursive filter includes the residual image of the marker, even when the marker deviates from the ROI for a reason such as a patient coughing. This residual image of the marker may be recognized by mistake. For safety, in respiratory-gated radiotherapy, irradiation of the therapeutic beam should be prohibited immediately if the marker is lost. Hence, the number of the frames in which the marker is recognized by the residual image should be minimized. The optimal weight factor (α) for our experimental set-up is investigated in this study.
Experiments
The experiments were conducted in order to investigate the optimal weight factor and to verify the effectiveness of the proposed image filter. Spatial resolution analysis and validation with a chest phantom were also conducted in the same imaging geometry. The experimental set-up is illustrated in Fig. 4 . The distance between the X-ray source and the X-ray image intensifier (Color I.I., Toshiba, Japan) was fixed at 3.6 m. The image intensifier had an input surface of 23 cm diameter and was coupled to a 1000 × 1000 pixel resolution CCD camera (IPX-1M48, IMPERX, USA). The image depth was 8 bit. A 1.5-mm gold sphere was used as a fiducial marker. In the RTRT system, 3D location of the internal marker is calculated from two projected marker locations obtained by means of two fluoroscopy systems with the same specs. Hence, validation with the single imaging system is enough to evaluate the effectiveness of the proposed image filter. The details for each evaluation are described in the following sections.
Determination of weight factor
The fiducial marker was sandwiched between polymethylmethacrylate (PMMA) slabs. A PMMA thickness of 150 mm was assumed to be approximately equal to the imaging condition of chest fluoroscopy. About 450 fluoroscopic images of the static marker were recorded at a frame rate of 30 images per second. This frame number was assumed to be sufficient for evaluating the statistics of marker tracking. Template pattern matching was conducted in the fixed search area ROI a including the marker, as shown in Fig. 7a , from the first image in the sequence. Then, the search area was changed to ROI b , which did not include the marker. The average and SD of the pixel value in each region, ROI a and ROI b , were equivalent. In this way, the deviation or loss of the marker from the ROI was simulated. Time-series data of the PRS were investigated in order to evaluate the effect of the residual image of the marker. Four weight factors were applied: α = 0.125, 0.25, 0.5 and 0.75. Template pattern matching and the recursive filter were performed with a commercially available software tool (Matrox Imaging Library 9.0, Matrox Electronic Systems Ltd, Canada). The size of the template image and the ROI for marker search were 18 × 18 pixels and 64 × 64 pixels, respectively.
The tube voltage and exposure duration were fixed at 58 kV and 2.5 ms, respectively. The minimum tube current for recognizing the marker without an image filter was confirmed to be 50 mA by monitoring the registration position of the static marker during fluoroscopy. Hence, a tube current of 50 mA was considered to be low-dose imaging in this setup. For clinical use, optimization algorithms of the fluoroscopy parameters [12] [13] could be useful in order to find low-dose imaging conditions.
Effectiveness verification of image filter
The same images used for the weighting factor determination were also used for the effectiveness evaluation of the proposed image filter. The main purpose of the evaluation was to evaluate the tracking stability and the registration error caused by motion artifacts rather than any anatomical structure. Hence, the images of PMMA slabs were sufficient for evaluation. In order to determine the marker registration accuracy quantitatively and with actual tumor motion, the images were shifted sequentially in order to mimic the motion of the marker shadow on the fluoroscopic image caused by respiration. 3D trajectory data of the fiducial marker, gathered by the RTRT system in clinical practice, were used in order to reproduce the motion of the marker shadow. A total of 383 trajectories from 76 patients were used. Each patient provided between one and 10 trajectories. The breathing cycle that was derived from the power spectrum of the Fourier transform signal in the CC direction was 3.4 ± 0.8 s. The numbers of trajectories that had motion >10 mm, 5-10 mm and <5 mm were 114, 181 and 88 cases, respectively. The absolute registration error and the PRS were examined for each trajectory. The registration error was defined as the 2D discrepancy between the actual marker position and the recognized marker position in the fluoroscopic image. Template pattern matching was conducted with subpixel accuracy. The ROI size for the marker search area was 64 × 64 pixels, and the search area for the next process was shifted sequentially according to the current recognized position.
The trajectories include measurement error because of fluctuations in the marker recognition and/or misidentification of the marker, as illustrated in Fig. 5a . In order to eliminate the measurement uncertainties and to extract the marker motion itself, two types of noise filters were applied to the original raw trajectory data. First, a median filter with window size of~165 ms, corresponding to five frames, was applied to eliminate spike noise caused from misidentification of the marker. Second, a low-pass filter based on the Fourier transform was applied to eliminate random error. A cut-off frequency of 5 Hz was applied in order to preserve the physical motion, including breathing and heartbeat. The time-series data of the filtered 3D trajectory shown in Fig. 5a was then converted to the projected position, which was rounded to an integer value in the fluoroscopic image by assuming the imaging geometry of the RTRT system to be as shown in Fig. 5b .
In order to distinguish the success or failure of tracking, the pass-rate was defined as the ratio of the number of frames within a registration error of 10 pixels to the number of all processed frames. The registration error of 10 pixels in the fluoroscopic image induces a 3D measurement error of~1 mm at most. A pass-rate of >95% was considered to be successful. In the motion-compensated recursive filter, the pass-rate may depend on the starting position of tracking in the respiratory motion, because conformation of an averaged image in the first few frames depends on the speed of the marker. For instance, for respiration-induced tumor motion, the duration of exhalation is usually longer than that of inhalation. In order to estimate the effect of the starting point, tracking was started from three respiratory phases: exhalation, middle and inhalation.
For comparison with spatial filters that have no motion artifact, a median filter and a smoothing filter were examined in the same way. The window size for deriving the median pixel value was 3 × 3 pixels. In the smoothing filter, a 3 × 3 kernel was utilized, with the center pixel contributing one-quarter of its value to the result, each of the four pixels above, below, left and right of the center contributing one-eighth, and the others contributing 1/16. In the same way, the position of the search area for the marker search was shifted according to the recognized marker position.
The marker motion during X-ray exposure was not considered in this analysis, because the static marker was taken in all sequential images. The maximum speed of the marker was~22.2 mm/s in all trajectories. The movement of the marker during the exposure was~0.06 mm when the pulse duration and the marker speed were 2.5 ms and 22.2 mm/s, respectively. This movement of the marker is relatively small compared with the marker diameter of 1.5 mm. Hence, it was assumed that the effect of motion blur caused by marker motion during the exposure can be ignored in this study.
Spatial resolution analysis
In the proposed image filter, the spatial resolution of the image should be changed according to the variation in the marker speed [14] . The registration error of the fiducial marker could depend on the spatial resolution. The spatial resolution and the registration error in the proposed image filter were evaluated in the best and the worst scenarios. The images of the fiducial marker and the resolution test chart placed beside the marker were acquired in the same geometry as that shown in Fig. 4 . In order to reproduce respiratory motion, the acquired images were shifted sequentially with the trajectory that contained maximum variation in marker speed. Spatial resolution and the registration error were examined by analyzing the images that were captured at the minimum and the maximum variations in marker speed and considered the 'best' and the 'worst' cases, respectively. The tube voltage, current and exposure duration were 70 kV, 50 mA and 2.5 ms, respectively. In this evaluation, the tube voltage was increased from that of the previous experiments in order to improve the visibility of the resolution test chart.
Validation with chest phantom image
In the previous evaluations, the effectiveness was validated with the homogeneous phantom, although actual clinical images are associated with a range of thicknesses. In order to confirm that the proposed technique for tracking the marker in inhomogeneous images (i.e. those involving a large variation in contrast and/or thickness), an experiment using an anthropomorphic chest phantom (LUNGMAN, Kyoto Kagaku Co. Ltd, Japan) was performed. The alignment of the X-ray tube and the XRII was the same as in the previous experiment. The gold marker was placed in front of the chest phantom and was moved using the 1D motion controller, as shown in Fig. 4 . The motion controller mimicked periodical marker motion. The marker was moved perpendicular to the imaging axis with a maximum speed of~20 mm/s in order to simulate the maximum speed and acceleration observed in actual clinical cases. An example of a fluoroscopic image is shown in Fig. 6 . The white arrow indicates the marker trajectory in the fluoroscopic image. In the fluoroscopic images obtained, the marker moved within a region of varying media, which included the lung, bone and heart. Region A, illustrated in Fig. 6 , was a thin region comprised mainly of the lung. Region B was a thicker region compared with Region A, and included the heart and bone. The tube voltage and exposure duration were fixed at 50 kV and 2.5 ms, respectively. Tube currents of 50 mA and 100 mA were examined. The PRS with and without the image filter was evaluated.
RESULTS
Determination of weight factor
The time-series data of the PRS obtained by tracking the stable marker for each weight factor is illustrated in Fig. 7b .
The PRS was improved as the degree of recursive filter was increased, as indicated by the result of ROI a . In addition, the fluctuation of the PRS was decreased similarly. The search area was changed from ROI a to ROI b at frame number 100. The PRS dropped immediately after the ROI shift. However, the PRS obtained with α = 0.125 and 0.25 at the time of the ROI shift was high compared with that of other degrees, although the marker was not included in the search area. This was caused by the residual image of the marker. The degree of the recursive filter should be reduced if the residual image is retained for several frames, as shown in the result obtained with α = 0.125. In the case of α = 0.25, the recognition of the residual image can be avoided by applying an appropriate threshold PRS. Hence, the optimal weight factor was determined to be 0.25 in our experimental set-up.
Effectiveness verification of image filter
The number of the trajectories regarded as successful and the statistical details of the pass-rate for each image filter are summarized in Table 1 . The proposed image filter, when the starting point was at exhalation, was able to track the marker successfully in all tested trajectories. For other starting points, it also worked successfully, except for in one case. Hence, the effect of the starting position was thought to be unimportant with an image acquisition rate of 30 frames per second. On the other hand, failures of tracking were often observed with other spatial filters.
An example of the recognized position of the trajectory being regarded as successful with all image filters is shown in Fig. 8a . The results, except for the proposed image filter, included temporary misidentification, shown as spikes in the graph. If such unstable registration is continued for several frames, the marker will be lost, as illustrated in Fig. 8b , since the search area is not properly updated. The registration error and the PRS corresponding to the data of Fig. 8a are shown in Fig. 8c and 8d , respectively. There was no misidentification in the proposed image filter during tracking. In addition, the highest PRS was obtained with the proposed image filter. The statistical details of the registration error and the PRS in the trajectories for each image filter are summarized in Table 2 . The mean, SD and maximum registration error for the proposed filter were the lowest. Also, the mean PRS was the highest and the SD of the PRS was the lowest. The minimum value of the PRS for the proposed filter was observed around the first frame because the initial recognition must be applied to an unprocessed image. Hence, the initial recognition may be unstable due to lower dose imaging. Additional processes may be implemented in order to avoid instability of the initial recognition. First, the tracking can be started with high-dose imaging without image filter. The X-ray tube parameter can then be reduced gradually and the image filter applied. In this way, instability of the initial recognition and the failure due to the starting point of the tracking can be avoided.
In the case that the size of the search area and the template image were 64 × 64 and 18 × 18 pixels, respectively, the time to calculate the PRS was within 1 ms using a commercially Table 1 . Number of trajectories for which the pass-rate was over 95 out of 383 trajectories and statistical details of the pass-rate in the group of successful cases for each image filter: motion-compensated recursive image filter for which starting point is the (1) exhalation, (2) middle and (3) inhalation respiratory phases; (4) median filter, (5) available PC (Intel Core2 Quad CPU, 2.40 GHz) and software tool (Matrox Imaging Library 9.0, Matrox Electronic Systems Ltd, Canada). The time for the motion-compensated recursive filter was also less than 1 ms. Hence, the total computation time for the proposed algorithm to determine the marker location will be within a few milliseconds.
Spatial resolution analysis
The images of the marker and the resolution test chart obtained without the image filter, with the image filter at the minimum and the maximum variations in marker speed are shown in Fig. 9a, 9b and 9c, respectively. Random image noise shown in Fig. 9a was reduced by applying the proposed image filter, as shown in Fig. 9b and 9c . However, motion blur was large in Fig. 9c due to large variation in marker speed, which was a result of both acceleration and deceleration. In order to evaluate the spatial resolution, the profiles along the dashed lines drawn in the images are shown in Fig. 9d, 9e and 9f. For comparison, the results of the median filter and the smoothing filter are added to Fig. 9d . The stripes of 1.0 lp/mm were not clearly shown in Fig. 9d because of low contrast noise ratio. In the best performance of the proposed image filter, the stripes of 1.0 lp/mm were preserved, as shown in Fig. 9e . In the worst case, illustrated in Fig. 9f , spatial resolution was degraded and the marker image had motion blur. The registration error of the marker in the best and the worst cases of the proposed image filter were 0.4 and 8.1 pixels, respectively. The registration errors without image filter, median filter and smoothing filter were 0.7, 0.6 and 0.7 pixels, respectively. It was thought that better registration accuracy was obtained with better spatial resolution.
Validation with chest phantom image
The recognized positions and the PRS of the moving marker in the tube current of 50 mA are shown in Fig. 10a and 10b , respectively. The results with the tube current of 100 mA are shown in Fig. 10c and 10d , respectively. The PRS was decreased in Region B due to the low image contrast of the thick region in both sets of imaging conditions: 50 mA and 100 mA. In Fig. 10a , the marker tracking without the image filter failed around Region B. Correspondingly, the lower PRS was obtained as shown in Fig. 10b . The primary causes of PRS degradation are assumed to be effect of statistical noise, low contrast of the image, and the structure of the background image. Mean ± SD, and maximum and minimum of PRS for 100 mA without the image filter were 58.2 ± 23.9, 91.4 and 11.2, respectively. On the other hand, the marker was traced correctly in both tube current settings by applying the image filter. The PRS was improved in all regions that had various thicknesses, including anatomical contrast. Mean ± SD, maximum and minimum of PRS for 100 mA with the image filter were 69.9 ± 20.4, 94.3 and 42.0, respectively. It is thought that the noise and structures will be removed or smoothed by image averaging in the proposed image filter. The marker was tracked correctly by applying the proposed image filter, while the marker was lost in the case without the image filter.
DISCUSSION
In order to estimate the clinical benefit, the expected improvement of the tracking stability and dose reduction using the motion-compensated recursive image filter are discussed. The PRS and the registration error were examined in a similar way for 383 trajectories in five cases: (1) tube current of 50 mA with the motion-compensated recursive filter as low-dose imaging, (2, 3) tube current of 80 mA with and without the filter as middle-dose imaging, (4, 5) tube current of 100 mA with and without the filter as high-dose imaging. Tube voltage and exposure duration were fixed at 58 kV and 2.5 ms, respectively. The statistics of the registration error and the PRS are summarized in Table 3 . The PRS in low-dose imaging with the image filter was higher than that of middle-and high-dose imaging without the image filter. The registration error of low-dose imaging was acceptable, although it was higher than that of middle-and high-dose imaging without the image filter. The maximum registration error due to unstable registration fluctuated regardless of imaging dose. In this evaluation, average and SD of the registration error were slightly worse in middle-and highdose imaging with the proposed image filter compared with low-dose imaging (because of larger maximum registration error). The total positional accuracy was expected to be within the tolerance recommended (positional accuracy <2 mm) by the AAPM Task Group 142 for respiratory-gated radiation therapy [15] . The PRS was also improved in middle-and highdose imaging by applying the image filter. Furthermore, the PRS was improved in the imaging condition that had originally high PRS, as shown in Fig. 10b and d . Hence, the proposed image filter was thought to be robust to the thickness and kiloVolt exposure parameters. These results suggest that the imaging dose could be reduced while maintaining the same tracking stability with similar accuracy to high-dose imaging.
A typical treatment schedule of lung RTRT is 40 or 48 Gy for four fractions. About 30 min of fluoroscopy take for each treatment day in the current system. Assuming the typical dose rate of 300 mGy/h at the skin surface [16] with one fluoroscopy unit, the accumulated imaging dose given by two fluoroscopy units could be~1.2 Gy. The imaging dose could be larger when high-dose imaging is need. Hence, reduction of the imaging dose is required. There were two limitations in the proposed image filter in this work. The first one was that the ROI was able to be shifted by only integer values in the image averaging process. The second was the variation in the speed of the marker. In the proposed image filter, motion artifacts can be compensated for accurately when the marker moves at a constant speed in the fluoroscopic images. The variation in the speed affects the registration accuracy since the location of the marker in the ROI shown in Fig. 2 will be shifted slightly. In order to quantify the effect of the variation in the speed to the registration error of the marker, the deviation of the marker location in the search area between the frames in the motion-compensated ROI determination was examined for each trajectory. Mean ± SD, maximum and 95% percentile of deviation were 0.6 ± 0.5, 4.0 and 1.4 pixels, respectively, with the fluoroscopy operated at 30 frames per second. Hence, the variation in the speed of the marker should be one of the primary contributors to registration error, as shown in spatial resolution analysis. Even if the image filter is applied, the marker could be lost when the fluoroscopic parameters are too low. In normal use, fluoroscopy is stopped when the marker is lost. Fluoroscopic parameters are then adjusted again.
Reduction of the frame rate of fluoroscopy is one simple method for reducing imaging dose. However, registration errors for the proposed image filter will be increased since the variation in the marker speed between the frames is increased in fluoroscopy with a lower frame rate. For instance, the deviation of mean ± SD, maximum and 95% quantiles were 1.3 ± 1.3, 16.6 and 3.8 pixels, respectively, assuming fluoroscopy of 10 frames per second. In such a case, the prediction techniques [17] [18] [19] [20] have the potential to compensate for this variation in marker location in motioncompensated ROI determination. Ren et al. showed a prediction error of~0.5 mm (corresponding to at most 5 pixels in our study) in real time imaging of 10 Hz to compensate for the system latency [20] . It could compensate large discrepancy that leads to misidentification of the marker. Hence, further reduction of the imaging dose may be realized by applying the prediction techniques.
CONCLUSION
In this work, a motion-compensated recursive image filter was proposed in order to track a fiducial marker with acceptable registration error and with short computation time in low-dose imaging in the RTRT system. In a phantom study with actual tumor motion, the proposed image filter was able to track the marker motion with high PRS and acceptable registration error in all tested trajectories, including those that were not able to be tracked with conventional spatial filters or without image filter. The positional accuracy is expected to be kept to within 2 mm. The total computation time, a few milliseconds, including template pattern matching and image processing, is negligible compared with other system delays. In addition, it was shown that the proposed image processing technique can work to track the marker in the image quality equivalent to actual fluoroscopy. In conclusion, the proposed image processing technique, which is a combination of a motion-compensated recursive filter and template pattern matching, is applicable for low-dose fluoroscopy in the RTRT system. 
